MicroRNAs (miRNAs) are important regulators of neuronal development, network connectivity, and synaptic plasticity. While many neuronal miRNAs were previously shown to modulate neuronal morphogenesis, little is known regarding the regulation of miRNA function. In a large-scale functional screen, we identified two novel regulators of neuronal miRNA function, Nova1 and Ncoa3. Both proteins are expressed in the nucleus and the cytoplasm of developing hippocampal neurons. We found that Nova1 and Ncoa3 stimulate miRNA function by different mechanisms that converge on Argonaute (Ago) proteins, core components of the miRNAinduced silencing complex (miRISC). While Nova1 physically interacts with Ago proteins, Ncoa3 selectively promotes the expression of Ago2 at the transcriptional level. We further show that Ncoa3 regulates dendritic complexity and dendritic spine maturation of hippocampal neurons in a miRNA-dependent fashion. Importantly, both the loss of miRNA activity and increased dendrite complexity upon Ncoa3 knockdown were rescued by Ago2 overexpression. Together, we uncovered two novel factors that control neuronal miRISC function at the level of Ago proteins, with possible implications for the regulation of synapse development and plasticity.
Introduction
MicroRNAs (miRNAs) are a large family of small non-coding RNAs that regulate gene expression post-transcriptionally. Over the last 10 years, miRNAs have been implicated in the regulation of virtually every aspect of mammalian nervous system development, including neurogenesis, neuronal differentiation, and plasticity (Fiore et al, 2011; Im & Kenny, 2012) . A subset of neuronal miRNAs localizes within the synapto-dendritic compartment, where they constitute a regulatory layer in local mRNA translation and the control of synaptic plasticity (Siegel et al, 2011) . Arguably, the best studied synaptic miRNA is miR-134, which (i) is required for activity-dependent dendritogenesis and synaptic scaling by inhibiting Pumilio2 (Fiore et al, , 2014 , (ii) mediates spine shrinkage by repressing Lim-domain protein kinase 1 (Schratt et al, 2006) , and (iii) impairs synaptic plasticity and memory in the mouse hippocampus in vivo by downregulating CREB (Gao et al, 2010) . Other examples of functionally important miRNAs are miR-138, which restricts the growth of dendritic spines by targeting the depalmitoylating enzyme APT1, and the highly conserved let-7, which regulates BDNF-dependent dendritogenesis and axon regeneration (Huang et al, 2012; Zou et al, 2013) .
MiRNAs bind the 3 0 untranslated region (UTR) of target mRNAs via partial base-pair complementarity, thereby inducing translational repression and/or decay of their targets (Eulalio et al, 2008; Krol et al, 2010) . The miRNA-induced silencing complex (miRISC) is a large multi-protein complex that mediates miRNA activity (Tang, 2005) . The Argonaute (Ago) family of proteins are the main catalysts of miRNA function as they serve as a platform for miRISC assembly on the target mRNA (Meister, 2013) . The mammalian genome comprises four genes encoding for Ago subfamily proteins (Ago1-4), all of which are capable of miRNA-mediated gene silencing. Ago2 is the only member that possesses nuclease ("slicer") activity (Liu et al, 2004) , and therefore is capable of endonucleolytic cleavage of targets in the case of perfect complementarity between the miRNA and the target, which is a rare event in mammals. GW182 (Tnrc6a-c in mammals) proteins represent other core components of miRISC, which help to recruit different effector complexes onto miRNA target mRNAs to induce translational repression and/or mRNA decay (Fabian & Sonenberg, 2012) . miRISC activity is regulated by signal-dependent modification of accessory factors in response to environmental cues. In neurons, activity-dependent degradation of Mov10 was shown to impair miRISC activity, thereby allowing local protein synthesis at synapses to occur (Banerjee et al, 2009) . A similar mechanism involving the Mov10 homologue Armitage is further involved in the formation of long-term memories in Drosophila (Ashraf et al, 2006) . Finally, dephosphorylation of FMRP in response to elevated activity leads to a release of miRISC from target mRNAs at synapses, thereby allowing synaptic protein synthesis to occur (Muddashetty et al, 2011) . In addition, several RNA-binding proteins (RBPs) that do not directly associate with miRISC, but are recruited to the same targeted mRNA, have been previously shown to modulate the effect of miRNAs in non-neuronal cells, including Pumilio (Kedde et al, 2010) , HuR (Bhattacharyya et al, 2006) , and DND1 (Kedde et al, 2007) . However, a comprehensive analysis of miRISC regulation by RBPs in neurons has not been performed.
Here, we interrogated the function of 286 RBPs in neuronal miRISC regulation using siRNA screening in primary mouse cortical neurons. Thereby, we identified Nova1 as a neuron-specific miRISC component and Ncoa3 as a regulator of Ago2 expression. We suggest that neuron-specific modulators of miRISC function such as Nova1 and Ncoa3 could play important roles in activity-dependent gene regulation during synapse development and plasticity.
Results
To identify RBPs that modulate the repressive activity of miRNAs in neurons, we combined siRNA-mediated RBP knockdown with a luciferase-based reporter gene readout ( Fig 1A) . Our siRNA library consisted of three different synthetic siRNAs for each of the 286 RBPs which had been shown to be expressed in the postnatal mouse cortex (McKee et al, 2005) (Supplementary Dataset S1). For the screen, each individual siRNA was co-transfected into primary mouse cortical neurons (5 days in vitro DIV) along with a miR-134-responsive luciferase reporter gene (UBE3A-luc) (Valluy et al, 2015) and synthetic miR-134 duplex RNA. miR-134 duplex RNA is directly loaded into miRISC, thereby allowing us to focus on the effects of RBPs downstream of Dicer-dependent pre-miRNA processing. We observed a highly reproducible about 40% repression of UBE3A-luc expression by miR-134 in the absence of additional siRNA. If a given RBP was required for the repressive function of miR-134, the knockdown of the RBP should completely (100%) relieve the miR-134-mediated repression of UBE3A-luc. Because individual siRNAs display different degrees of efficacy, we considered RBPs as positive hits if at least two of three RBP-targeting siRNAs resulted in an at least 50% relief of miR-134-mediated repression averaged over the three independent screen replicates. Results of the analysis using this cutoff are shown in Fig 1B ( complete study results in Supplementary Dataset S2). Two known miRISC-associated proteins (Tnrc6c, Ddx6) fulfilled our hit selection criteria (Chu & Rana, 2006; Landthaler et al, 2008) . In addition, 31 out of 36 siRNAs directed against twelve known regulators of miRNA function (Ago family proteins, Fmr1, Pabpc family members, Tnrc6a) relieved repression of the miR-134 reporter, although the effect was not strong enough to qualify them as hits. This demonstrates that (i) our screen setup allows the identification of miRISC regulatory RBPs; and (ii) our criteria for the selection of hits are very stringent, thereby reducing the number of false positives. In addition to Tnrc6c and Ddx6, ten novel RBPs that had not been previously reported to be involved in miRNA function were identified as hits (Fig 1B) . These include RBPs implicated in mRNA translation (Rpl5) (Meskauskas & Dinman, 2001) , mRNA decay (Lsm7) (Tharun et al, 2000) , splicing (Nova1, U2af1, Rbm25) (Jensen et al, 2000; Mollet et al, 2006; Zhou et al, 2008) , mRNA nuclear export (Nxf1, Nxt1) (Stutz & Izaurralde, 2003) , and transcription (Ewsr1, Fubp1, Ncoa3) (Law et al, 2006; Xu et al, 2009; Zhang & Chen, 2013) . Since most of the identified candidates are involved in general RNA metabolism, we considered the possibility that knockdown of these RBPs could affect reporter gene expression independent of miRNAs. Therefore, we conducted a secondary RNAi screen for all the hits where we now also included a condition without miR-134 ("ÀmiR" condition; Fig 1C) . If the RBP regulates reporter gene expression independent of the transfected miRNA, a similar upregulation of reporter gene expression would be observed in the "+miR" and the "ÀmiR" conditions compared to the respective basal or control siRNA conditions and the ratio "+miR/ ÀmiR" would be comparable over all experimental conditions. The validation experiments were performed in rat neurons using siRNAs with conserved target sequences between mouse and rat mRNAs. In addition, an improved reporter gene system (pGL4) was used to further minimize non-specific effects. Using this experimental setup, knockdown of three (Nova1, Ncoa3, Ewsr1) out of the original ten positive hits resulted in a significant increase in the ratio +miR/ ÀmiR, suggesting that only these three RBPs specifically affect miR-134-dependent repression of UBE3A-luc. Specific derepression of miRNA target expression by RBP knockdown was further confirmed by our results using a plasmid without miR-134-binding site ( Supplementary Fig S1A) . The efficacy of the siRNAs targeting Nova1, Ncoa3, and Ewsr1 was validated by Western blot. Each of the three siRNAs led to a specific knockdown of the respective GFPtagged proteins in HEK293 ( Supplementary Fig S1B) . Together, we could identify three novel proteins (Nova1, Ncoa3, and Ewsr1) that are specifically required for the repressive function of miR-134. To assess whether these RBPs modulate miRNA activity in a more general fashion, we extended our analysis to another neuronal miRNA, miR-138, and its validated target APT1 . Knockdown of Nova1 and Ncoa3 led to a significant derepression of APT1-luc reporter expression (Fig 1D) which was comparable to the effects observed with UBE3A-luc. In contrast, the Ewsr1-targeting siRNA had no effect on APT1-luc expression. We conclude that Nova1 and Ncoa3 are required for the repressive function of multiple neuronal miRNAs and therefore decided to focus on these RBPs for further characterization.
We next studied the expression of Nova1 and Ncoa3 proteins in post-mitotic neurons by Western blot analysis. Nova1 was expressed throughout the in vitro development of primary rat hippocampal (Fig 2A) and cortical neurons (Supplementary Fig S2A) . The antiNova1 antibody was specific, since the Nova1 band was absent when Western blots were performed with total brain lysates from Nova knockout mice ( Supplementary Fig S2B) . Ncoa3 expression in hippocampal neurons peaked at seven DIV, declined until 14 DIV, and became undetectable at 18 DIV ( Fig 2B; Supplementary Fig  S2C) . Using immunocytochemistry (ICC), we observed that both proteins localized to the nuclear and cytoplasmic compartment of hippocampal neurons (14 DIV: Fig 2C-F; 7 DIV: Supplementary Fig  S2D) . The majority of cytoplasmic Nova1 protein was detected as granular structures in the neuronal soma, but some Nova1-positive A Setup of the RNAi screen in mouse primary cortical neurons. Neurons (5 days in vitro (DIV)) were co-transfected with the miR-134-responsive pGL3-UBE3A-3 0 UTR luciferase reporter (pGL3-UBE3A-luc) together with miR-134 duplex RNA and siRNA (one per condition) directed against 286 RBPs expressed in the mouse cortex (3 siRNAs per RBP). Luciferase activity was determined 3 days after transfection. B Table of genes which are either known to be involved in the regulation of miRNA activity ("known genes") or whose knockdown led to an at least 50% relief of miRNA-mediated repression for at least two out of the three siRNAs tested ("hits"). Values are the average of three replicate experiments and represent the percent relief of miRNA-mediated repression for the indicated siRNA compared to a condition without siRNA. Note that two known genes (Tnrc6c, Ddx6) were also present within the 12 hits. C Luciferase reporter assay in primary rat cortical neurons transfected with pGL4-UBE3A-luc and the indicated siRNAs in the presence or absence of miR-134 duplex RNA. The ratio of normalized luciferase activity from neurons with ("+miR") to neurons without co-transfected miR-134 ("ÀmiR") is plotted. Values are the average from three independent experiments AE standard deviation. *P < 0.05 (unpaired t-test compared to control siRNA). D Luciferase reporter assay as in (C) with pGL4-APT1 3 0 UTR (APT1-luc) in the presence ("+miR") or absence ("ÀmiR") of miR-138. n = 3. *P < 0.05 (unpaired t-test compared to control siRNA). Fig 2D) . Similarly, some of the Ncoa3-positive cytoplasmic granules extended into the proximal part of apical dendrites (arrow in Fig 2F) , whereas Ncoa3 expression at distal dendrites was generally low. Importantly, the Ncoa3 ICC signal was significantly reduced in cells expressing Ncoa3 shRNA which demonstrates the specificity of the antibody ( Supplementary Fig S2E and F) . The results obtained by ICC could be confirmed by Western blot analysis of cytoplasmic and nuclear extracts ( Fig 2G) . Taken together, our results demonstrate that Nova1 and Ncoa3 are expressed in both the nuclear and cytosolic compartments of post-mitotic hippocampal neurons at times of synapse development (7-14 DIV). We next investigated whether Nova1 and Ncoa3 are required for the repressive function of endogenously expressed miRNAs in rat hippocampal neurons. To this end, we constructed a series of luciferase reporter plasmids consisting of the 3 0 UTRs of mRNAs targeted Western blot analysis of Nova1 and Ncoa3 using whole-cell lysates (input), cytoplasmic (cyt) or nuclear (nuc) fractions from FUDR-treated rat hippocampal neurons at seven DIV. a-tubulin was used as a cytoplasmic and HDAC2 as a nuclear marker protein.
Source data are available online for this figure.
The The EMBO Journal Ncoa3 and Nova1 stimulate neuronal miRNA function Peter H Störchel et al 3 0 UTR). Importantly, these miRNAs are endogenously expressed in post-mitotic neurons and were previously shown to regulate neuronal morphogenesis via their respective mRNA targets (Schratt et al, 2006; Siegel et al, 2009; Huang et al, 2012) . In addition, we cloned luciferase reporters with mutated miRNA-binding sites in order to account for potential miRNA-independent effects. Efficient knockdown of Nova1 and Ncoa3 in rat neurons was achieved by shRNA vectors containing conserved siRNA sequences used in the screen ( Supplementary Fig S3A and B) . Both Nova1 and Ncoa3 knockdown significantly increased the expression of reporter constructs containing a wild-type APT1 (Fig 3A and B) , LIN41 (Fig 3C and D) , and LIMK1 3 0 UTR (Fig 3E) . The stimulatory effect of Nova1 and Ncoa3 shRNAs was specific, since reintroduction of shRNA-resistant GFP-fusion proteins at least partially restored basal APT1-luc expression (Fig 3A and B) . Mutation of the two let-7-binding sites in the context of the LIN41 3 0 UTR (Fig 3C and D) or of the miR-134-binding site in the context of the LIMK1 3 0 UTR ( Fig 3E) largely abolished Nova1 and Ncoa3 shRNA-mediated upregulation of the reporters, suggesting that the effects are to a large extent miRNA-dependent. The miR-134 target UBE3A-luc was selectively upregulated by the Nova1, but not by the Ncoa3 shRNA (Supplementary Fig S3C) . Similar observations were made for the miR-124 target IQGAP1 (Lim et al, 2005) and another let-7 target, HMGA2 (Nishino et al, 2008) ( Supplementary Fig S3D and E) . Finally, repression of a reporter construct containing multiple sequential miR-138-binding sites, but lacking a specific 3 0 UTR context ("miR-138 sponge-luc"), was specifically relieved by Nova1 knockdown (Fig 3F) . In addition, Nova1 overexpression significantly reduced the expression of APT1 and UBE3A-luc reporters in neurons (Supplementary Fig S3F and G) . Collectively, these results suggest that Nova1 is a general stimulator of neuronal miRNA activity, whereas Ncoa3 regulates a specific subset of neuronal miRNA targets depending on the 3 0 UTR sequence context.
We next examined whether the observed regulation of miRNA reporter genes by Nova1 and Ncoa3 translated into alterations in endogenous miRNA target protein levels in neurons. Therefore, we focused on the regulation of Limk1 by miR-134, which is important during dendritic spine morphogenesis (Schratt et al, 2006) . We observed increased levels of Limk1 in hippocampal neurons infected with recombinant adeno-associated virus (rAAV) expressing Nova1 shRNA compared to control shRNA-infected cells (Fig 4A; Supplementary Fig S4A and B) . Similarly, rAAV-mediated Ncoa3 knockdown was accompanied by significantly elevated Limk1 protein levels ( Fig 4B; Supplementary Fig S4C-E) . Taken together, both Nova1 and Ncoa3 are required for efficient repression of the miR-134 target Limk1, consistent with a positive regulation of miR-134 activity by these RBPs. To directly examine the functional significance of Nova1-and Ncoa3-dependent Limk1 regulation, we investigated whether these proteins are involved in spine shrinkage following miR-134 overexpression (Schratt et al, 2006) . As expected, miR-134 overexpression led to a significant reduction in average spine volume in control cells, an effect that was almost completely abolished in the presence of both the Nova1 and Ncoa3 shRNA (Fig 4C and D) . These results indicate that the positive regulation of miR-134 activity by Nova1 and Ncoa3 is functionally relevant during spine morphogenesis.
We next investigated the mechanisms underlying the miRNA regulatory function of Nova1 and Ncoa3. Our results from reporter assays suggest that Nova1 regulates the expression of miRNA targets independent of the 3 0 UTR context (Fig 3) . This raises the question whether Nova1 is directly associated with the neuronal miRISC. To address this, we studied a potential interaction between Nova1 and Ago using co-immunoprecipitation (co-IP) assays in rat hippocampal lysates. Western blot analysis demonstrated efficient pull-down of Ago proteins using a mouse monoclonal anti-pan-Ago antibody ( Fig 5A, upper panel) . Importantly, we were able to specifically detect Nova1 in pan-Ago IPs, but not in control IgG IPs (Fig 5A ; Supplementary Fig S5A, middle panels). The interaction of Nova1 with Ago was weak, since only 2% of Nova1 present in the input could be recovered by Ago IP (Supplementary Fig S5B) . The amount of co-precipitated Nova1 was unaltered in the presence of RNase ( Supplementary Fig S5C and D) , suggesting that Nova1 and Ago reside in a protein complex. To further confirm an interaction of Nova1 with endogenous miRNA targets, we performed RNA immunoprecipitation (RIP) experiments ( Fig 5B) . A protocol was chosen that preserves protein-protein interactions, so that indirect Nova1 target mRNA interactions that are mediated by associated RBPs (e.g., Ago) could also be detected. Limk1 mRNA, in contrast to GAPDH mRNA, was significantly enriched in Nova1-RIP samples compared to IgG-RIP controls, suggesting a specific interaction between Nova1 and endogenous Limk1 mRNA ( Fig 5B) . The previously reported Nova1 target Rgs4 served as a positive control (Licatalosi et al, 2008) . We have previously shown that the miR-134-dependent repression of Limk1 is reversed by BDNF stimulation (Schratt et al, 2006) . Having shown that Nova1 interacts with Ago and Limk1 mRNA, we asked whether Nova1 was involved in BDNF-regulated Limk1 synthesis. We observed that the stimulatory effect of BDNF on a destabilized Limk1-luc reporter (Limk1-lucPEST) was occluded by Nova1 knockdown (Fig 5C) , consistent with a role of Nova1 in the dynamic regulation of the Limk1-associated miRISC in response to BDNF. To get further mechanistic insight into the gene regulatory function of Nova1 within miRISC, we performed tethering assays (Pillai et al, 2005) . Hereby, a protein of interest is artificially recruited to target RNAs by virtue of an N-terminal fusion of the lambda-phage N-peptide that allows binding to stem-loop sequences (boxB) present in the 3 0 UTR of a reporter RNA. This allowed us to study potential gene regulatory functions of Nova1 on target RNAs independent of the RNA sequence context and the interaction with Ago proteins. When NHA-Nova1 is tethered in this way downstream of a luciferase reporter gene, we observed a significant reduction in luciferase activity compared to a NHA-GFP control construct (Fig 5D) . The magnitude of repression was comparable to tethering NHA-Tnrc6c, a known miRISC component. Thus, Nova1 is able to repress mRNA translation when recruited to target RNAs, consistent with a function downstream of Ago. The use of deletion constructs further revealed that both the Nova1 N-terminus (containing the NLS, KH1 and KH2 domains) and C-terminus (containing the NES and KH3 domain) are required for the repressive activity of Nova1 (Fig 5E) . Importantly, all NHA-fusion proteins were expressed to comparable levels and localized in hippocampal neurons as expected ( Supplementary Fig S5F and G) . Nova1 tethering was further sufficient to reduce reporter gene expression in HEK293 cells ( Supplementary Fig S5H) . Together, our results suggest that Nova1 is part of neuronal miRISC and possesses the ability to repress mRNA translation independent of its sequence-specific RNA-binding activity. In contrast to Nova1, Ncoa3 is involved in the regulation of a specific subset of miRNA target interactions (Fig 3) . Moreover, Ncoa3 did not interact with Ago based on our co-IP experiments (Fig 5A; Supplementary Fig S5A, lower panels) , and tethering of Ncoa3 to a target RNA was not sufficient to cause translational repression (Fig 5F; Supplementary Fig S5F) . Together, these results argue against a direct function of Ncoa3 within neuronal miRISC. A-F Luciferase reporter gene assays performed in rat cortical neurons (14 DIV) (rat hippocampal neurons in (D)) that had been transfected at 11 or 12 DIV with the indicated 3 0 UTRs fused to the luc gene of pGL4 together with the given shRNA expression construct. In (A, B), additional shRNA-resistant ( R ) expression constructs for Nova1 and Ncoa3, respectively, or the empty expression vector (GFP) were co-transfected. Relative luciferase activity (RLA) represents the ratio of firefly reporter activity to Renilla control reporter activity normalized to a basal condition without shRNA expression vector. Values are the mean AE standard deviation from at least three independent experiments. One-way ANOVA: P < 0.0001 (A, C, E), P < 0.005 (B, D, F). Tukey's HSD (A-D) and unpaired t-test (E, F): *P < 0.05, **P < 0.01.
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Given that Nova1 and Ncoa3 are required for the function of neuronal miRNAs that play important roles in neuronal morphogenesis (Fig 3) , we decided to assess their role in dendrite and spine development. Nova1 knockdown in hippocampal neurons (12 DIV) under basal conditions had no significant effect on dendritic complexity or spine morphogenesis (Fig 4D; Supplementary Fig S6A  and B) . In contrast, Ncoa3 knockdown resulted in a highly significant increase in dendritic complexity, which was quantified by Sholl analysis (Fig 6A-C) . Increased dendritic complexity was rescued by molecular replacement with Ncoa3-GFP R , but not with a control vector (unmodified pEGFP_N1), demonstrating that the phenotype is caused by a specific reduction of Ncoa3 expression (Fig 6A-C) . Expression and shRNA resistance of Ncoa3 R -GFP were confirmed by Western blotting (Supplementary Fig S6C) . Therefore, we uncovered a novel function of Ncoa3 in neuronal morphogenesis and decided to investigate the underlying mechanisms in more detail.
If the observed regulation of miRNA activity by Ncoa3 (Fig 3) was functionally important, one would expect that Ncoa3 knockdown should not cause phenotypic alterations in the absence of miRNAs. To test this hypothesis, we combined the Ncoa3 shRNA with knockdown of Drosha, a component of the microprocessor that is crucial for the biogenesis of the vast majority of miRNAs (Gregory et al, 2004) . Efficient knockdown of Drosha in neurons was verified by Western blotting ( Supplementary Fig S6D) and qPCR (Supplementary Fig S6E) . We could also confirm a reduction in the levels of several mature miRNAs upon Drosha knockdown ( Supplementary  Fig S6F) . Using dendritic complexity as readout, we found that Ncoa3 shRNA was no longer able to increase dendritic complexity in the absence of Drosha (Fig 6D-F) . We therefore conclude that the dendritic phenotype caused by Ncoa3 knockdown is due to aberrant miRNA function in these neurons.
In addition, knockdown of Ncoa3 significantly reduced the average dendritic spine volume (Figs 4D and 7A and B) , which was rescued by co-expression of Ncoa3 R -GFP (Fig 7A and B) . We were interested in whether the morphological phenotypes observed upon Ncoa3 knockdown translated into altered excitatory synapse A Representative co-immunoprecipitation experiment in hippocampal lysates from adult rat using a pan-Ago antibody. Upper panel: anti-Ago2 Western blot demonstrates specific pull-down of Ago2 in pan-Ago IP. Lower panel: anti-Nova1 Western blot demonstrates specific co-precipitation of Nova1 (52 kDa) and Ago proteins. *Non-identified cross-reactive proteins. B RNA immunoprecipitation (RIP) in adult rat hippocampus using an anti-Nova1 antibody. Left: specific IP of Nova1 with the applied antibody was confirmed by Western blot analysis. *Non-identified cross-reactive proteins. Right: qPCR for the indicated transcripts is presented as the ratio of mRNA present in Nova1 or control IgG IPs compared to the input material. Data is the average AE standard deviation from three independent experiments. **P < 0.005 (unpaired Student's t-test). C Luciferase assay in cortical neurons (five DIV) transfected with a reporter gene which harbors the Limk1 3 0 UTR fused to a destabilized firefly ORF (Limk1-lucPEST) and with the indicated shRNAs. Neurons were stimulated with BDNF (100 ng/ml) or mock-treated for 5 h before processing for luminometry. Values were normalized to a co-transfected Renilla reporter and the basal condition without shRNA was set as 1. Data is the average AE standard deviation of four independent experiments. *P < 0.05 (unpaired t-test). ns: not significant. D-F Luciferase assay in cortical neurons (five DIV) transfected with RL-5boxB (tethering plasmid) together with plasmids expressing the indicated NHA-fusion proteins.
Values were normalized to a co-transfected firefly reporter, and a basal condition without additional NHA protein was set as 1. Data is the average AE standard deviation of four independent experiments. One-way ANOVA: P < 0.0001 (D, F), P < 0.005 (E); Tukey's HSD test: **P < 0.01; ns: not significant.
The Peter H Störchel et al Ncoa3 and Nova1 stimulate neuronal miRNA function The EMBO Journal function. Thus, we measured miniature excitatory postsynaptic currents (mEPSCs) using patch-clamp electrophysiological recordings (Fig 7C) . Consistent with our previous observation that Ncoa3 knockdown results in reduced spine volume, we detected reduced average mEPSC amplitudes (Fig 7D and E) , but not frequencies (Fig 7F) , in Ncoa3 shRNA-transfected neurons compared to control conditions. Therefore, Ncoa3 knockdown affects both morphological and electrophysiological properties of excitatory synapses of hippocampal neurons. Given the well-documented function of Ncoa3 as transcriptional co-activator, we hypothesized that Ncoa3 promotes the expression of gene(s) that play important roles in miRNA biogenesis and/or activity. To address this hypothesis, we isolated RNA from hippocampal neurons that had been infected with either rAAV expressing Ncoa3 shRNA or a control shRNA (Supplementary Fig S7A) . We validated a reduction in Ncoa3 mRNA levels in Ncoa3 shRNA compared to control shRNA-infected neurons (Fig 8A) . We subsequently subjected isolated RNA to comparative microarray hybridizations using the Affymetrix platform Rat Gene 2.0 ST, which covers a total of 36,685 different transcripts. Hybridization signals from the individual arrays were strongly correlated, demonstrating high reproducibility of the experiments (Supplementary Fig S7B) . In total, we identified 100 annotated transcripts that were differentially expressed between Ncoa3 shRNA and control shRNA conditions (cutoff 1.3-fold, P < 0.05, n = 3), among which 68 were downregulated and 32 were upregulated upon Ncoa3 knockdown (Fig 8B, complete expression analysis is provided in Supplementary Dataset S3). Intriguingly, among the 15 most downregulated transcripts, we identified the miRISC core component Ago2 and, as expected, Ncoa3 itself (Fig 8B,  bold) . Ncoa3-dependent regulation of Ago2 and three other candidates identified by microarray (Cyb5r3, Map9, and Spast) was independently confirmed by qPCR (Fig 8C) . In contrast, several other components of miRNA regulatory complexes were not affected by Ncoa3 knockdown (Supplementary Fig S7C) . Since downregulation of Ago2 could in principle explain elevated expression of a subset of miRNA targets in Ncoa3 knockdown cells (Fig 3; Supplementary Fig  S3) , we decided to study the regulation of Ago2 in more detail. Using Western blot analysis, we further observed a robust downregulation of Ago2 protein upon infection of neurons with rAAV-expressed Ncoa3 shRNA (Fig 8D; Supplementary Fig S7D) . To interrogate whether Ncoa3 promotes Ago2 transcription by directly binding to the Ago2 promoter, we performed chromatin immunoprecipitation (ChIP) assays. Ncoa3-ChIP specifically enriched DNA fragments corresponding to the promoter regions of Ago2 and two other Ncoa3-regulated genes (Map9 and Spast) but not Cyb5r3 or the b-globin control (Fig 8E; Supplementary Fig S7E and F) . The specificity of the Ncoa3-ChIP was further confirmed by the reduced recovery of Ago2, Map9, and Spast promoter fragments from Ncoa3 knockdown neurons. Next, we tested whether Ncoa3 was involved in the regulation of Ago2 transcription using luciferase reporter assays. Therefore, we inserted a fragment of the mouse Ago2 promoter upstream of a minimal promoter driving the luciferase reporter gene. This fragment contains a conserved motif that could serve as a retinoic acid receptor alpha (RXRA)-binding site (JASPAR database; Supplementary Fig S7G) . Ncoa3 was required for the induction of this reporter by retinoic acid (RA), suggesting that Ncoa3 functions as a co-activator of RXRA in the context of the Ago2 promoter (Fig 8F) . Taken together, our experiments establish Ago2 as a direct transcriptional target gene of Ncoa3 in neurons.
We were then prompted to test whether the functional role of Ncoa3 in miRNA regulation and neuronal morphogenesis is mediated via transcriptional control of Ago2. Therefore, we used a Flag/ HA-Ago2 construct which was efficiently expressed in neurons and HEK293 cells as judged by ICC and Western blotting, respectively ( Supplementary Fig S8A and B) . The quantification of Ago2 levels after Flag/HA-Ago2 overexpression showed that total Ago2 was elevated in control neurons by 1.5-fold and that Ago2 was restored to normal levels in Ncoa3 knockdown neurons (Fig 9A; Supplementary  Fig S8C) . We investigated further the involvement of Ago2 in Ncoa3-mediated miRNA function using the LIN41 3 0 UTR reporter assay. Importantly, co-expression of Flag/HA-Ago2 in the context of the Ncoa3 shRNA nearly restored reporter expression to basal levels, demonstrating that Ago2 downregulation is required for the loss in let-7 activity in response to Ncoa3 knockdown (Fig 9B) . Importantly, expression of Flag/HA-Ago2 alone had no repressive activity (Fig 9B) , suggesting that Ago2 is indeed downstream of Ncoa3 in the regulation of miRNA activity. Finally, we determined the role of Ago2 in Ncoa3-dependent neuronal morphogenesis (Fig 9C-E) . Neurons expressing Ncoa3 shRNA showed a robust increase in dendritic complexity, which was almost completely rescued upon co-expression of Flag/HA-Ago2, but not the control vector. Similar to the observations from miRNA reporter gene assays, the expression of Flag/HA-Ago2 alone did not significantly affect dendritic complexity. Taken together, our results from miRNA reporter assays and neuromorphological analysis strongly suggest that the transcriptional regulation of Ago2 is responsible for Ncoa3-mediated regulation of miRNA activity and dendritogenesis.
Discussion
In this study, we present the first large-scale RNAi-based functional screen designed to identify RBPs that modulate miRISC activity in primary neurons. In addition to previously reported miRISC factors The EMBO Journal Ncoa3 and Nova1 stimulate neuronal miRNA function Peter H Störchel et al (Trnc6c, Ddx6/RCK/p54), we uncovered three novel regulators of miRNA activity: Nova1, Ncoa3, and Ewsr1. The fact that these regulators were missed in previous screens (Chu & Rana, 2006; Eulalio et al, 2007) suggests that neurons employ specific regulatory mechanisms which involve both neuron-specific (such as Nova1) and ubiquitously expressed RBPs (such as Ncoa3 and Ewsr1) to control miRNA activity. In general, our discovery of cell-type specific regulators of miRNA function underscores the need for experiments that address the function and regulation of miRNAs in their natural cellular context. A qPCR analysis of Ncoa3 mRNA levels in hippocampal neurons (14 DIV) that had been infected with the indicated rAAV-expressed shRNAs at four DIV. The ratio of average Ncoa3 levels compared to the internal GAPDH control is shown after normalization to a non-infected basal condition. Data is the average AE standard deviation of three independent experiments. *P < 0.05 (unpaired t-test). B Flow chart for the identification of Ncoa3-regulated genes by microarray in hippocampal neurons treated as in (A). Absolute fold changes (Fc(abs)), P-values (t-test), and corresponding gene symbols are given on the right for the top 15 downregulated transcripts. Ncoa3 and Ago2 are highlighted in bold. C qPCR analysis of indicated Ncoa3-regulated transcripts in hippocampal neurons treated as in (A). The ratio of average candidate mRNA levels compared to the internal GAPDH mRNA control is shown after normalization to a non-infected basal condition. U6 was used as a negative control. Data is the average AE standard deviation of three independent experiments. *P < 0.05, **P < 0.01 (unpaired t-test). D Western blot analysis of Ago2 protein in whole-cell extracts from hippocampal neurons treated as in (A). a-tubulin was used as a loading control. E qPCR analysis of indicated Ncoa3-regulated genes from a representative Ncoa3-ChIP experiment performed in either control shRNA (black) or Ncoa3 shRNA (gray) infected neurons. As a specificity control, ChIP with an unrelated IgG was performed in control shRNA-transfected neurons (white). Values are presented as fraction of the respective input DNA used for ChIP. 
A
Quantification of Ago2 overexpression in hippocampal neurons (12 DIV) that have been transfected with GFP, the indicated shRNA expression vectors, and either empty Flag/HA (control vector) or Flag/HA-Ago2 after six DIV by anti-Ago2 immunocytochemistry. Measured was the average signal intensity in the neuronal soma (exemplary images in Supplementary Fig S8C) , and values presented are the mean AE standard deviation from three independent experiments (in each 12 cells per condition). *P < 0.05 (pairwise t-test).
B
Reporter gene assay performed in rat hippocampal neurons (14 DIV) that had been transfected with pGL4-LIN41 WT 3 0 UTR together with the indicated shRNA vectors and either empty Flag/HA (control vector) or Flag/HA-Ago2 three days before. Relative luciferase activity (RLA) represents the ratio of firefly reporter to the internal Renilla control reporter activity normalized to basal condition without additional expression vector. Values are the mean AE standard deviation from three independent experiments. One-way ANOVA: P < 0.0003; Tukey's HSD test: **P < 0.01. C Representative traces of neurons (12 DIV) that have been transfected as described in (A). Scale bar = 50 lm. D, E Results from Sholl analysis performed as in Fig 6 with neurons treated as in (A) . One-way ANOVA: P = 0.0005; Tukey's HSD test: **P < 0.01. 
Nova1 as a novel component of neuronal miRISC
Nova1 was originally identified as an autoantigen in paraneoplastic opsoclonus myoclonus ataxia (POMA), a disorder associated with breast cancer and motor dysfunction (Buckanovich et al, 1993) . Later, it was shown that Nova1 is a sequence-specific RNA-binding protein that functions in pre-mRNA splicing (Jensen et al, 2000) . Two recent studies indicated that Nova proteins (Nova1 and Nova2) might also have regulatory functions in the cytoplasm. First, CLIP analysis of mouse brain indicated that a fraction of cellular Nova binds to consensus sequence elements within 3 0 UTR and regulates alternative polyadenylation of target mRNAs (Licatalosi et al, 2008) . Second, Nova was shown to co-localize with target RNAs, including GlyRa2 and GIRK2, in dendrites of spinal cord motor neurons (Racca et al, 2010) . These reports are consistent with our results from cellular fractionation and immunocytochemistry experiments in hippocampal neurons (Fig 2) and with a potential function of Nova1 in the regulation of miRISC activity in the cytoplasm. Surprisingly, although Nova1 associates with the miR-134 target Limk1 mRNA (Fig 5B) , we found that the modulatory activity toward miRISC does apparently not require sequence-specific interaction of Nova1 with miRNA target RNAs. This conclusion is based on our observations that Nova1 regulates miRNA reporters independent of the 3 0 UTR context (Fig 3) and that artificial tethering of Nova1 to an mRNA is sufficient to induce translational repression (Fig 5D) . Moreover, Nova1 interacts with Ago in an RNA-independent manner (Supplementary Fig S5C and D) , arguing that Nova1 contacts Ago via protein-protein interaction(s), either directly or via additional bridging proteins. Since Nova1 knockdown leads to a residual activation of reporters containing mutated miRNA-binding sites (Fig 3) , Nova1 might in addition regulate mRNA translation in a miRNAindependent manner. Importantly, Nova1 is also required for miRNA-dependent regulation of neuronal function, in particular miR-134-dependent spine morphogenesis. Since Nova1 deficiency by itself does not cause dendrite or spine abnormalities (Fig 4D;  Supplementary Fig S6) , we speculate that Nova1 function is specifically required for dynamic activity-dependent changes in neuronal morphology, such as those occurring during synaptic plasticity. Our finding that Nova1 is involved in BDNF-dependent Limk1 expression ( Fig 5C) is consistent with this hypothesis. In this regard, it will be interesting to investigate the potential activity-dependent modifications of the Ago-Nova1 complex.
Ncoa3 as a positive regulator of Ago2 expression
Ncoa3 (SRC-3, AIB-1) is a member of the nuclear receptor co-activator (Ncoa) family of transcriptional co-activators consisting of Ncoa1-3 (also known as SRC1-3) (Leo & Chen, 2000; Dasgupta et al, 2014) . In addition to its extensively characterized function in transcription, two reports suggest a post-transcriptional cytosolic function of Ncoa3 in non-neuronal cells (Yu et al, 2007; Long et al, 2010) . Using microarray analysis, qPCR, ChIP, and reporter gene assays (Fig 8) , we could identify the miRISC core factor Ago2 as novel direct transcriptional target gene of Ncoa3. Together with our results from rescue experiments (Fig 9) , this provides strong evidence that Ncoa3 regulates miRNA function by activating Ago2 transcription in the nucleus. Although Ncoa3 does not interact with Ago (Fig 5A) or miRNA target RNAs (data not shown), it is possible that Ncoa3 in addition modulates miRNA function by different mechanisms. Surprisingly, we observed that a relatively subtle reduction of Ago2 levels (30-40%) in Ncoa3 knockdown cells is sufficient to cause profound impairments in miRNA regulation and neuronal morphogenesis, which are rescued by expression of Flag/HA-Ago2. These findings are consistent with previous observations that Ago2 is a rate-limiting factor in RNAi and that titrating endogenous Ago2 levels by excessive supply of small interfering RNAs can affect cellular physiology (Grimm et al, 2006; Borner et al, 2013) . In contrast to Nova1, Ncoa3 is only required for the repression of a specific subset of neuronal miRNA targets (Fig 3; Supplementary Fig S3) . This implies that miRNA targets display a differential susceptibility toward alterations in Ago2 levels. One possible explanation is that some specific miRNAs are preferentially loaded into Ago2. However, there are conflicting data concerning sequence-specific sorting of miRNAs into Ago proteins in mammalian cells (Burroughs et al, 2011; Dueck et al, 2012; Wang et al, 2012) . Our observation that mRNAs targeted by the same miRNAs respond differently to Ncoa3 knockdown (e.g., the let-7 targets LIN41 and HMGA2, Fig 3D ; Supplementary Fig S3D) further argues against this possibility. Alternatively, the miRNA target site context could influence recruitment of specific Ago proteins to mRNAs. In this regard, genome-wide mapping of binding sites for different Ago proteins in conjunction with the interacting miRNAs would be highly informative.
Our results further suggest that the specific pool of miRNA targets affected by the Ncoa3-Ago2 pathway plays an important role in the inhibition of dendrite growth and/or branching. Therefore, interesting candidate Ncoa3-regulated miRNAs might be those with a reported inhibitory role in dendritogenesis, such as miR-137, miR181a, miR-34a, and miR-375 (Abdelmohsen et al, 2010; Smrt et al, 2010; Agostini et al, 2011; Liu et al, 2013) . However, a more systematic analysis of Ncoa3-regulated, Ago2-associated miRNAs and their targets is needed to fully characterize the physiologically important miRNA target interactions that affect neuronal morphogenesis downstream of Ncoa3. The lack of a dendritic phenotype in neurons in which miRNA function is generally perturbed, for example, due to Drosha or Nova1 knockdown, is surprising at first, but could be explained by a perturbed function of both dendrite growthpromoting (e.g., miR-132 (Magill et al, 2010) ) and growth-inhibiting (see above) miRNAs. If inhibitory and stimulatory activities balance each other, no net effect on dendritogenesis would be expected upon a global loss of miRNAs.
In summary, we have identified Nova1 and Ncoa3 as novel miRISC regulators that stimulate miRNA activity by different mechanisms converging on Ago proteins. We speculate that signal-dependent regulation of these pathways could be involved in neuronal plasticity and possibly other cellular contexts.
Materials and Methods
Cell culture, transfection, and recombinant AAV production Dissociated primary hippocampal and cortical neurons from embryonic day (E)18 Sprague-Dawley rats (Charles River Laboratories) were prepared and cultured as described (Schratt et al, 2004) . Transfection of neurons was generally performed with Lipofectamine 2000 (Invitrogen) as described .
Where indicated, the given amount of plasmid was electroporated to cortical neurons using the Nucleofector TM X-unit (Lonza) as described earlier . For the time course experiment of Ncoa3, preparation of cytosolic and nuclear fractions as well as rAAV infections, the culture medium was supplemented with 10 lM of 5-fluorodeoxyuridine (FUDR) to inhibit glial proliferation. HEK293 cells were cultivated at subconfluent density in MEM containing 10% FCS, 2 mM L-glutamine, and Pen/Strep (all from Gibco). Co-transfection of GFP-fusion constructs and siRNAs was carried out in this medium with Lipofectamine 2000 as described for neurons. For NHA-fusion constructs and rAAV production, HEK293 cells were transfected using the calcium phosphate method as described (Christensen et al, 2010) . A titer of 1.8 × 10 6 IFU/ml was used to infect hippocampal neurons (four DIV).
RNAi screen experiment
Mouse cortical neurons were co-transfected in a 48-well format at five DIV with 62.5 ng of pGL3-UBE3A, 62.5 ng of pGL3-Renilla, 5 pmol of miR-134 duplex RNA, and 7.5 pmol of one synthetic siRNA derived from a custom siRNA library (Ambion) in a total volume of 250 ll using Lipofectamine 2000. Three individual siRNAs for 286 candidate genes were tested. Luciferase assay was performed 3 days after the transfection. Each condition was transfected in duplicates, and the entire screen was repeated three times.
Subcellular fractionation and protein extraction
After one wash with ice-cold PBS, hippocampal cultures were detached in HLB (10 mM KCl, 1 mM EDTA, 1 mM DTT, 10 mM Tris-HCl (pH 7.5), protease inhibitors (Roche)) containing 0.2% NP-40 for 10 min on a shaker at 4°C followed by lysis through 20 strokes with a Teflon potter. After an aliquot was taken as input, nuclei were pelleted at 800 g for 5 min at 4°C and the supernatant was recovered as cytosolic fraction. The nuclei were washed once with HLB containing 0.25 M sucrose. After 10× RIPA (0.5 M Tris pH 8.0, 1.5 M NaCl, 10% Triton X-100, 5% sodiumdeoxycholate, 0.5% SDS, 20 mM EDTA) was diluted to 1× in the input and the nuclear pellet was dissolved in 1× RIPA (containing protease inhibitors), lysis of these two fractions was enforced by sonication. All fractions were subsequently spun down by 16,000 g for 10 min at 4°C, and the respective supernatant was recovered as protein extract. Whole-cell extracts were prepared by lysis in 1× RIPA followed by sonication, centrifugation, and recovery of supernatants as above, or in lysis buffer (150 mM NaCl, 50 mM Tris pH 7,5, 1% Triton) containing protease inhibitors.
Co-immunoprecipitation
Dissected hippocampi from adult brain (E18) were transferred to a 15-ml potter and homogenized on ice by 14 strokes in lysis buffer (20 mM Tris pH 7,5, 150 mM NaCl, 1% NP-40, 2 mM EDTA) containing protease inhibitors (Roche) followed by 10-min centrifugation at 16,000 g at 4°C. For RNase treatment, RNase A (1:20; Ambion) was added to one half of the cell lysate. Lysates were incubated with either mouse anti-pan-Ago (1:200; 2A8, Millipore) or mouse IgG (SCBT) rotating overnight at 4°C. Protein G beads (25 ll per condition; Sigma) were equilibrated in lysis buffer, blocked for 2 h in BSA (1 mg/ml; NEB), washed, resuspended in lysis buffer, and incubated with lysate and antibody for 1 h at 4°C followed by four washes in lysis buffer (last two containing 350 mM NaCl).
RNA immunoprecipitation (RIP)
The hippocampi of an adult female rat were dissected and homogenized in a Dounce potter (20 strokes) in lysis buffer (10 mM Hepes (pH 7.5), 200 mM NaCl, 30 mM EDTA, 0.5% Triton X-100, 0.5 U/ll SUPERase inhibitor (Ambion), complete protease inhibitors (Roche)). Homogenate was then passed five times through a 26-G needle. After centrifugation at 70,000 g (4°C) for 20 min, the supernatant was supplemented with 100 lg/ml yeast tRNA (SigmaAldrich) and precleared with Protein G Dynabeads for 30 min at 4°C. After input collection, immunoprecipitation was performed by the addition of 10 lg antibody (rabbit anti-Nova1 (Abcam) or normal rabbit IgG (SCBT)) and 30 ll Protein G Dynabeads for 2 h at 4°C. The beads were washed five times with lysis buffer (0.1 U/ml SUPERase inhibitors and 10 lg/ml yeast tRNA) and once with lysis buffer without additives. Total RNA was extracted using the mirVana Isolation Kit (Ambion) and treated with TURBO DNase (Ambion).
Chromatin immunoprecipitation (ChIP)
Hippocampal neurons were infected with rAAV-expressed Ncoa3 shRNA or rAAV-expressed control shRNA (9 × 10 5 IFU/well) at four DIV. On 12 DIV, cells were treated with 1% formaldehyde for 10 min followed by the addition of 0.125 M glycine for 5 min. After one wash with cold PBS, cells were lysed (50 mM Hepes-KOH (pH 7.5), 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.2% Nadeoxycholate, 0.1% SDS, and protease inhibitors (Roche)) by gently shaking at 4°C for 10 min, detached with a cell scraper, and sonicated with a Branson sonifier 250 for 24 cycles with 20 pulses (output 2, 90% duty cycle) and 1-min incubation on ice. After centrifugation at 8,000 g (4°C) for 5 min, the supernatant was precleared for 30 min at 4°C with Protein G Dynabeads (Life Technologies) and used for immunoprecipitation with anti-Ncoa3 (5E11, cell signaling) or normal rabbit IgG (Santa Cruz) antibodies (2 h at 4°C) which were previously coupled to Protein G Dynabeads for 30 min. Beads were washed twice with lysis buffer, four times with high salt buffer (20 mM Tris (pH 8), 1 M NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), twice with Li wash buffer (10 mM Tris (pH 8), 250 mM LiCl, 1 mM EDTA, 1% NP-40, 1% Na-deoxycholate), and once with TE (20 mM Tris (pH 8), 1 mM EDTA) at 4°C for 5 min. The complexes were eluted in elution buffer (100 mM NaHCO 3 , 1% SDS) for 15 min at 30°C, and cross-links in the supernatant were reversed by the addition of NaCl (final concentration 370 mM) and incubation at 65°C for 4 h. The input was taken after preclearing, supplemented with proteinase K (10 lg/100 ll lysate from NEB), and incubated at 65°C for 4 h. The DNA was subsequently recovered by phenol/chloroform/isoamyl alcohol extraction (Carl Roth). 
Western blot analysis
Western blotting was performed in principle as described . Please see Supplementary Materials and Methods for further details.
Immunocytochemistry, microscopy, and image processing
Immunocytochemistry and confocal microscopy were in principle performed as described . Please see Supplementary Materials and Methods for further details.
Analysis of neuronal morphology
For analysis of dendritic complexity, random pyramidal neurons (12 DIV) were imaged in epifluorescence mode and analyzed by counting intersections of dendrites with circles of 25 lm incremental radii (range: 25-200 lm) around the soma. The total number of intersections was obtained by summing up intersections between dendrites and circles at each distance. Exemplary traces of analyzed cells are shown. Background signals were removed for clearer presentation. For dendritic spine analysis, confocal images (7 z-stacks at 0.4-lm interval) of pyramidal neurons (19 DIV) were projected to a single-plane image and the individual spine size was quantified by its mean gray value in a 2.2-lm 2 circle. More than 100 spines per cell were measured and normalized to the cell's mean gray values. Analysis was carried out blinded to the experimental conditions.
Luciferase assay
Luciferase assays in primary rat hippocampal or cortical neurons were performed with the Dual-Luciferase Reporter Assay System (Promega). Please see Supplementary Materials and Methods for further details.
DNA constructs and molecular cloning
A detailed description of cloning procedures and primer sequences is provided in the Supplementary Materials and Methods.
RNA extraction and reverse transcription-quantitative PCR (RT-qPCR)
RNA extraction and qPCR were performed according to the manufacturer's instructions. See Supplementary Materials and Methods for further details.
Microarray
For microarray analysis, total RNA was extracted as described above. RNA quality was confirmed with the Experion System (Bio-Rad). Three independent RNA preparations, each consisting of rAAV-expressed control shRNA and rAAV-expressed Ncoa3 shRNA conditions, were submitted to the GeneCore Facility of EMBL, Heidelberg, Germany, for microarray analysis. Briefly, libraries prepared with the WT Expression Kit (Ambion) were analyzed on the Rat Gene 2.0 ST arrays (Affymetrix). The analysis was performed with Expression Console (Affymetrix) and GeneSpring (Agilent) softwares. In the latter, log 2 values below the background control were removed leaving 11,206 transcript IDs for filtering by volcano plot with thresholds of 1.3-fold change and P < 0.05 (moderate t-test). Microarray data are deposited in the GEO database with accession number GSE69131.
Antibodies
A complete list of antibodies used in this study is provided in the Supplementary Materials and Methods.
Statistical analysis
For pairwise comparison, a two-tailed, unpaired Student's t-test was carried out. For multiple conditions, one-way ANOVA was first applied (http://vassarstats.net/) followed by Tukey's HSD test for comparing single conditions pairwise.
Supplementary information for this article is available online:
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